INTRODUCTION

EPIC CONCEPT AND ARCHITECTURE.
The objective of EPIC is to design, develop and produce an integrated modeling package for calculating electric propulsion plume interactions with spacecraft systems. The suite of computer tools is designed to allow both expert and novice users to investigate EP plume-SIC interactions.
In compliance with the current program guidelines, the computer tool (built for the Win32 platform) will consist of the following main components:
• An enhanced version of Object Toolkit, the 3-D In general, the user will provide the following input to EPIC, Satellite geometry and surface materials >_ Thruster locations and plume parameters >" Case study parameters (e.g., sputter yield coefficients, orbit, hours of thruster operation etc.) and will be able to conduct trade studies while generating then following output:
>, Contour plots of the plume map in space (Fig 1, top), and of surface interactions on the 3-D spacecraft, such as surface erosion (Fig 1, bottom) and heating >. 1-D plots along surfaces (e.g. erosion depth on a solar array as a function of distance from the thruster)
Integrated results over duration of mission (e.g. total induced torque in a given direction, total deposition of eroded material at a specific location on the S/C) List of results in text format for post-processing
The main EPIC user interface and the code that integrates the various components are programmed in C# (C-sharp).
C# is a new language developed by Microsoft that provides an easy-to-use object orientated way to program the windows user interface, and makes it extremely easy to combine components written in different languages using either the new Common conductor number, and a set of properties is associated with each material name.
INTERACTIONS
PHYSICS MODULE
The ability to assess a variety of spacecraft interactions with electric propulsion plumes, in three dimensions, is the bulk of EPIC's capability. The interactions models presently allowable by EPIC have been described in greater detail elsewhere, 3 and are summarized here for completeness:
• Ion flux to surfaces. The thruster ion flux at any point on a surface is computed using the incident ion density and velocity according to the angle between the surface normal vector and the ion velocity. Fluxes to points on surfaces account for the interference ("blocking") by other spacecraft surfaces.
Specifically, if a straight line between the point in question and the thruster orifice intercepts any other surface the flux is zero.
• Sputtering, surface erosion/deposition. The sputtering at a point on a spacecraft surface caused by ion impact is calculated based on the material sputtering rate, which is a function of the sputter yield. The latter depends on the energy of the impacting ions and the angle between the flux vector and the surface-normal.
In EPIC, the present sputter yields are polynomial fits to data and may therefore be modified by the user. Depending upon the duration of thruster operation the total surface erosion and redeposition of sputtered particles onto other surfaces is determined by computing a net erosion/deposition rate. The net rate is determined by averaging the sputtering rates at each surface to produce a source term at the centroid of that surface. This source term is then used to determine a deposition rate for all other surfaces.
• Surface heating. The incident heat flux at each point on a spacecraft surface due to plume impact is calculated by summing the flux of energy across each surface element. The incident ion energy is assumed to be the sum of only the kinetic and ionization contributions. 
In equation (1), _,,, _ and p are the electron velocity, electric potential and electron pressure, respectively. The electron mass is m_, the charge is e and n is the plasma density (n=ne=ni). Assuming ideal gas behavior and isothermal electrons, integration of eqn (I) leads to the Boltzmann relation, which can be expressed in terms of the electric potential as follows:
with Te being the electron temperature and n= is the reference plasma density at zero potential. Equation (2) is sometimes also known as the barometric potential law.
Ions are accelerated by the electric field, {2=-VO according to,
Since the drift velocity of the ions, vi, is much greater than their thermal velocity, the high velocity ions are modeled as a fluid. (Fig 4) . The physics include collisions of electrons with neutrals, ions, and walls.
The electron energy treatment includes ohmic heating, thermal diffusion and convection, and losses due to ionization, collisions with walls and atomic excitation. 5 In a Hall thruster both the current density and ion velocity vector vary along the exit so an ion flux and density profiles are implemented at the exit boundary. 6
The neutral gas density has two components in space: un-ionized (beam) particles from the thruster and unionized particles from the hollow cathode. The beam of neutrals from the thruster is computed using an annular anode gas flow model with isotropic emission from a ring. The profile of neutrals from the thruster is computed using two disk emissions defined by the solid angles subtended by each disk, and subtracting the smaller from the larger. 4 The flow rate of neutrals from the thruster exit is estimated using the known anode flow rate and propellant utilization. The hollow cathode is offset by a distance rHc from the thruster. Its axial location is assumed to be at z=O. 
In eqn (5) n, is the particle density of neutrals and ¢rcE x is the cross section associated with the charge exchange collision. In contrast to the approach tbr the calculation of the main beam ions, where direct use of equation (2) Based on the fact that the density of CEX ions is more than two orders of magnitude less than of the main-beam ions, no correction is made to the latter as a result of the first.
EPIC APPLICATIONS
The various physics modules of EPIC have been applied to a variety of problems in the past involving both the study of electric propulsion plumes alone, and their interactions with the spacecraft. interactions code to predict, among others, the induced torques on the spacecraft (Fig 7) . 4
The Figure 8 shows comparisons between the EPIC plume model and data lor vacuum chamber pressures of 2e-5 Torr (top) and 6e-6 Torr (bottom). The measurements at AFRL were conducted using a double cylindrical Langmuir probe that was placed 60cm downstream of the thruster exit.
A hyperbolic tangent function was fitted to the data to provide the electron temperature and number density. The latter was then scaled to I-m using a -i/r 2 saling.
The current density was computed using the measured number density and a average ion energy E/q of 200 V. A similar setup was used successfully in the past to measure the ion flux downstream of a Hall thruster, u
At MIT, the data was acquired using a Faraday cup.
The overall experimental setup is described in reference 10. For the plume calculations, all quantities implemented as input were deduced from information provided by AFRL and Busek, _2 part of which is provided in Table I . Propellant Utilization 0.9
As already mentioned in a previous section, the model assumes a fixed electron temperature throughout the plume. Measurements in the plume of various, higherpower (0.7-1.6 kW) HETs reveal electron temperatures that range between 6-1 l eV in the near-field region (a few centimeters downstream of the exit) falling to less than 2-3eV far from the thruster exit)1.13.14 In the AFRL double Langmuir probe measurements the temperature varied from 0.6 to 1.6 eV, 60 cm from the thruster exit.
Equation (2) suggests that the ratio of plasma potential to electron temperature goes to zero far away from the -5-exit, as the plasma density approaches n=. Both the simulations and simple scaling (-l/r 2) suggest that the plasma density drops by more than two orders of magnitude within a few tens of centimeters away from the thruster exit. Therefore, in view of both the magnitude and (more importantly) the gradients of the plasma potential at distances greater than 20-50 cm, a high-temperature choice (-8eV) introduces a relatively small error on the ion trajectories.
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• MIT_Faraday Top: Vacuum chamber pressure=2e-5 Tort. Bottom: Vacuum chamber pressure=6e-6 Torr.
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